Background {#Sec1}
==========

Silver ions have been known for their effectiveness against a wide range of microorganisms \[[@CR1]\]. The antimicrobial activity of silver nanoparticles (AgNPs) has been confirmed in both Gram-positive and Gram-negative bacteria as well as in fungus \[[@CR2], [@CR3]\]. AgNPs have been used in several medical application such as sunscreen lotions, burn treatment, wound dressings, textiles, dental materials, bone implants and medical device coating among others \[[@CR4]--[@CR6]\].

The antimicrobial effect of AgNPs relies on physic-chemical characteristics like size, shape, distribution and concentration \[[@CR5]\]. The mechanism of action has been associated to several factors including damage to the cell membrane of bacteria or the plasma membrane of fungi that causes the loss of cellular components \[[@CR5], [@CR7], [@CR8]\], disruption of the respiratory chain and synthesis of adenosine triphosphate (ATP), which affects the cellular energy source causing death of the microorganism, damage to deoxyribonucleic acid (DNA) and disruption of cell replication \[[@CR4], [@CR7], [@CR8]\]. However, it is expected that AgNPs does not cause cellular damage or affect beneficial microorganisms \[[@CR2]\]. As a result, the cytotoxic activity is important to define their applications \[[@CR1]\].

Methods of synthesis for AgNPs have gained a lot of attention recently due to the need to find more efficient ways to obtain nanoparticles. The bottom-up chemical technique is one of the most use methods in terms of nanoparticle production. This method is low cost and has a large-scale production capacity. It is based on the reduction of a metal salt via a reducing agent in the presence of a protective material. AgNPs formation begins with generating a neutral silver atom that forms *Ag*^2+^ precursor. Subsequently, more atoms are added and this forms a cluster that allows to control shape and size of the nanoparticles \[[@CR1], [@CR5]\].

Due to the advances in AgNPs production with different characteristics, and because of physico-chemical properties effects on microorganisms, characterization techniques have been developed. Those techniques allow analyzing AgNPs structure, morphology, composition, and behavior using technologies such as visible ultraviolet spectroscopy (UV -Vis), dynamic light scattering (DLS), and transmission electron microscopy (TEM) \[[@CR5]\]. UV-Vis evaluates surface plasmon resonance (LSPR) of metal nanoparticles, provides information on its size and has been used as a benchmark for the performance of the nanoparticle synthesis process \[[@CR9], [@CR10]\]. On the other hand, DLS uses a monochromatic light source to measure the size, structure, and distribution of nanomaterials \[[@CR11], [@CR12]\]. The electrical potential to measure the electrostatic attraction or repulsion capacity between particles can be measured through the evaluation of the zeta potential by DLS \[[@CR11], [@CR12]\]. In addition, it is possible to obtain nanoparticle images with a resolution of up to 0.1 nm employing TEM \[[@CR13]\].

There are several studies that optimize the synthesis parameters of AgNPs, mainly to reduce the size and improve their physico-chemical properties \[[@CR14], [@CR15]\]. However, even if there are well-established techniques for the preparation of metallic nanoparticles, it is necessary to investigate simple synthesis methods, which require short reaction times and low cost to obtain nanoparticles with greater antimicrobial activity \[[@CR16]\].

In this study, a Face Centered Central Composite Design (FCCCD) was carried out to optimize the synthesis of AgNPs obtained based on the method of chemical reduction \[[@CR17]\]. These nanoparticles were established as the reference AgNPs, and their antimicrobial activity was evaluated. The design was performed with four parameters: *AgNO*~3~ concentration, sodium citrate (TSC) concentration, *NaBH*~4~ concentration, and the pH of the reaction to obtain a better antibacterial effect of the reference AgNPs. The optimized AgNPs were characterized by evaluating some of their physical-chemical properties and antimicrobial activity. Additionally, the cytotoxic effect was assessed using NiH3T3 and Vero cell lines. NiH3T3 is the standardized cell line recommended by the Organization for Economic Cooperation and Development (OECD) as the in vitro model to test the cytotoxicity of manufactured nanomaterials \[[@CR18]\]. The Vero cell line was used to determinate the cytotoxicity of the AgNPs over a blood filter cell, like the kidneys, since it has been determined that the hemocompatibility of nanoparticles is a prior requirement for its use in medical products \[[@CR19]\].

Materials and methods {#Sec2}
=====================

A schematic diagram of the optimization process is depicted in Fig. [1](#Fig1){ref-type="fig"}. Fig. 1Optimization process for the synthesis of silver nanoparticles using experimental design

Synthesis of silver nanoparticles {#Sec3}
---------------------------------

Briefly, 5 mL of sodium citrate 0.05 M (TSC, Sigma-Aldrich CAS 6132-04-3) and 5 mL of silver nitrate 0.05 M (*AgNO*~3~, PANREAC CAS 7761-88-8) were added to 185 mL of water type 1 (Milli Q ^*Ⓡ*^) in a cold bath between 6 ^∘^C to 10 ^∘^C. The solution was stirred for 3 min at 3000 RPM. Subsequently, 5 mL of sodium borohydride 0.05 M (*NaBH*~4~, Sigma-Aldrich CAS 16940-66-2) was dripped slowly. The pH was adjusted to 10 with sodium hydroxide 1.25 M (NaOH, PANREAC CAS 1310-73-2). The nanoparticles obtained were stored in amber bottles at 4 ^∘^C. These nanoparticles were the reference AgNPs (Ref-AgNPs) for the study.

Experimental design and optimization {#Sec4}
------------------------------------

An optimization process of Ref-AgNPs was carried out, with the purpose of improving some of its physico-chemical properties. A FCCCD was executed using the Design Expert Version 7.0.0 software (Stat-Ease, USA) with four parameters: *AgNO*~3~ concentration (0.01 - 0.09 M), TSC concentration (0.01 - 0.09 M), *NaBH*~4~ concentration (0.01 - 0.09 M) and the pH of the reaction (8 -- 10). The response variables were established according to the synthesis performance. The variables were, i) area under the curve of the UV-Vis absorbance spectrum; ii) average size of AgNPs; iii) the greatest intensity peak in the size distribution of AgNPs (PSGI); iv) the polydispersity of AgNPs. These dependent variables were quantified with the following techniques:

### Ultraviolet- visible spectroscopy (UV-Vis) {#Sec5}

This technique was used to determine the plasmonic surface resonance. A spectrophotometer UV probe 1601pc Shimadzu was used for reading the absorbance between 350 -- 420 nm. The yield of the synthesis was estimated as the area under the curve of the ultraviolet absorbance of the nanoparticles evaluated \[[@CR21]\].

### Dynamic light scattering (DLS) {#Sec6}

DLS was used to establish the average size of AgNPs, PSGI and the polydispersity. A Zetasizer Nano Series Malvern Instruments (USA) was used. The samples were diluted in water type 1 at controlled temperature (23 ^∘^C) to obtain a dilution factor that allow a reliable reading. Three measurements were made, each with 30 s of balance and 15 runs of 10 s of duration \[[@CR22]\].

The optimization process sought to maximize the yield with an importance of 5. On the other hand, it was work towards minimize the average size, the peak size with greater intensity, and the polydispersity related to the size of AgNPs, with importance of 3, 4 and 5, respectively. The least squares multiple regression method was used.

The experimental data was adjusted using the second order polynomial equation by comparing the coefficient of determination (*R*^2^) and the adjusted coefficient of determination (*R*^2^−*adj*). The analysis of variance (ANOVA) was used to evaluate the statistical significance of the independent variables from the obtained models (with a confidence level of 95%). The accuracy of the optimal conditions was evaluated by calculating the relative and absolute errors between the responses predicted by the model and those obtained experimentally under optimal conditions.

Characterization of AgNPs {#Sec7}
-------------------------

### Physico-chemical characterizations of optimized AgNPs {#Sec8}

Optimized AgNPs (Opt-AgNPs) were characterized physico-chemically by the UV-Vis and DLS methods as described in the design of the experiment. In addition, AgNPs were characterized by atomic absorption (AAS), zeta potential, and transmission electron microscopy (TEM) as described follows:

*Atomic absorption spectroscopy (AAS)*

The silver concentration in each synthesis was determined with the flame method using the AAS technique using a Thermo Scentific ICE 3000, USA \[[@CR23]\]. A sample of the colloidal solution of the undiluted nanoparticles was nebulized and disseminated as an aerosol to measure the parts per million Ag.

*Zeta potential*

The Zeta potential was determined by Laser Doppler Electrophoresis using a Zetasizer Nano ZS and the Zetasizer software. The nanoparticles were diluted in water type 1 at controlled temperature (23 ^∘^C) and three measurements were made, each of them with 30 s of equilibrium and 15 runs of 10 s in length \[[@CR24]\].

*Transmission electron microscopy (TEM)*

The size and morphology of the samples were confirmed by transmission electron microscopy (TEM) using a Tecnai F20 Super Twin TMP, FEI. The samples were prepared using a drop of approximately 60 nm thickness of each suspension and deposited on a carbon membrane \[[@CR21], [@CR25]\].

### Evaluation of the antimicrobial effect of AgNPs {#Sec9}

The antibacterial and antifungal activity of Ref-AgNPs and Opt-AgNPs was evaluated with the macrodilution and microdilution techniques \[[@CR21], [@CR26]\]. The microorganism used where *Staphylococcus aureus* ATCC 25923, *Escherichia coli* ATCC 25922, *Escherichia coli* AmpC resistant, and *Candida albicans* ATCC 14053. The minimum bactericidal concentration (MBC) and the minimum fungicidal concentration (MFC) was evaluated to establish the bactericidal and antifungal capacity of the AgNPs, respectively.

Briefly, each bacterium species were seeded on Müller Hinton agar (BD, REF 211438) and incubated for 24 h at 37 ^∘^C. Subsequently, a sample of each microorganism was cultured between 12 and 24 h in Brain Heart Infusion liquid medium (BHI, BD REF 211065) at 37 ^∘^C in order to reach log phase. Each bacterium was adjusted to 5 ×10^4^ CFU/mL using a spectrophotometer (Genesys 20, Thermo Scientific USA). The microorganism were diluted at different concentrations of AgNPs (2.48, 4.97, 9.94, 19.89, 29.83 and 39.78 *μ*g/mL) each one with 2.5 ×10^4^ UCF/mL bacteria. 150 *μ*l at 0.02M TSC was added to each nanoparticle solution. Each dilution was incubated for 24 h at 37 ^∘^C in a shaking incubator (Rosy 1000, Thermolyne USA), under constant stirring at 75 RPM. A volume of 10 *μ*L of these dilutions were seeded on Müeller-Hinton agar and incubated at 37 ^∘^C for 24 h. The MBCs were determined visually as the lowest concentration of AgNPs that visually inhibits 99.9% growth of microorganisms \[[@CR26]\]. For each assay, there were a number of controls such as microorganism growth, AgNPs, diluent and TSC sterility controls.

On the other hand, the MFC of AgNPs on *Candida albicans* ATCC 14053 was evaluated through the microdilution technique in broth \[[@CR26]\]. The fungus was seeded on Sabouraud agar (BD, REF 210950) for 48 h at 37 ^∘^C. The microorganism was subculture for 48 h in BHI liquid medium at 37 ^∘^C. Apart from that, AgNPs concentrations were obtained from 0.12 to 3.97 *μ*g/mL by diluting with water type 1 (Milli Q ^*Ⓡ*^). The fungus suspension was adjusted to 2.5 ×10^3^ CFU/mL using a Genesys 20 spectrophotometer (Thermo Scientific USA). On a 96 well flat bottom microplate (Costar REF 3599), 20 *μ*L of each dilution of AgNPs, 220 *μ*L of BHI culture medium, and 10 *μ*L of the microorganism were added. Sterility and sensitivity controls of the microorganism were cultured using fluconazole 99% (Pfizer, lot 04821) at 10 and 5 *μ*g/mL, and viability control. In each well, a final volume of 250 *μ*L was obtained.The microplate was incubated at 37 ^∘^C and kept under agitation at 60 RPM for 24 h in an incubator-agitator (Rosy 1000, Thermolyne USA). After 24 h, the absorbance of each well was read at a wavelength of 530 nm and 10 *μ*L of each well was seeded in Petri dishes with Sabouraud agar. The dishes were incubated for 48 h at 37 ^∘^C. The antibacterial and antifungal activity was evaluated in triplicate to obtain the median CFU/mL. The MFC for the fungus of AgNPs was evaluated visually and using the Probit regression method and the IBM SPSS Statistics 24.0 software was used for statistical analysis.

### Evaluation of the cytotoxic effect of optimized AgNPs {#Sec10}

The evaluation of the cytotoxic effect of Ref-AgNPs was carried out on NiH3T3 and Vero cells through a MTT assay ((3-\[4,5-dimethylthiazol-2-yl\]-diphenyl tetrazolium bromide)) of cellular viability. The cells were cultured as monolayer in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 5% of fetal bovine serum (SFB) and 1% antibiotics (penicillin and streptomycin). The cultures were maintained in incubator at 37 ^∘^C with 5% *CO*~2~ atmosphere in a 25 cm^2^ culture flask. Cells were trypsinized (0,05% trypsin EDTA) and seeded in 96-well plates, for cytotoxicity assay. 5 ×10^3^ cells in 200 *μ*l of medium were seeded in each well. The plates were incubated at 37 ^∘^C with 5% *CO*~2~ atmosphere for 24 h to allow the cellular adherence. Then, the medium was removed and new medium was added with AgNPs at different concentrations (0, 5, 10, 15, 20, 40, 60, 70, 80, 90 *μ*g/mL) and in different wells. The cells were incubated for 24 h at 37 ^∘^C with 5% *CO*~2~ atmosphere. After that, the medium with AgNPs was removed and was added 100 *μ*l medium with 10 *μ*l of MTT in each well and the plates were incubated for 2 h at 37 ^∘^C. Subsequently, 100 *μ*l of Dimethylsulfoxide (DMSO) was added to each well and its absorbance was measured using a microplate reader (Synergy HT Biotek ^*Ⓡ*^) at 570 nm \[[@CR27]\]. Untreated cells with AgNPs was used as control. MTT assay was performed with six replicas for the different AgNPs concentrations and to each cellular line. The data was statistically analyzed with IBM SPSS Statistics software to determine the cellular viability and recognize if AgNPs cause cytotoxic effect. Lethal concentration 20 (*LC*~20~) and lethal concentration 50 (*LC*~50~) of AgNPs optimized were obtained by Probit analysis that assesses the mortality percentage for each AgNPs concentration evaluated. Percentage of cellular viability was calculated taking the cellular control as 100% of viability \[[@CR28]\].

Results {#Sec11}
=======

Experimental design {#Sec12}
-------------------

A central composite design was obtained using the Response Surface Methodology (RSM) with the objective of identifying the interactions between the parameters such as *AgNO*~3~ concentration (0.01 - 0.09 M), TSC concentration (0.01 - 0.09 M), *NaBH*~4~ concentration (0.01 - 0.09 M) and the pH of the reaction (8 - 10). The objective was to increase the yield in the production of AgNPs, as well as to reduce the average size and the polydispersity in the size of the nanoparticles.

The Design of Experiments (DOE) showed 29 experimental runs which are presented in a randomized manner in Table [1](#Tab1){ref-type="table"}. The highest response for the UV-Vis area was 15.00 which was obtained with TSC \[0.09 M\], *AgNO*~3~ \[0.09 M\], *NaBH*~4~ \[0.09 M\] and pH 8. On the other hand, the average size of the lowest nanoparticle, the peak of the highest intensity of the smallest size and the lowest polydispersity were 12.39, 15.17 and 0.112, which were obtained with *AgNO*~3~ at a concentration of 0.01 M and pH 8. The seven tests with area 0.00 of the UV-Vis spectrum, were synthesized with pH 12. They had the largest average sizes of AgNPs as well as the most significant peaks in size with the highest intensity. Besides, among these essays were found the 3 with greater polydispersity in size. Table 1Three-variable FCCCD design with four responses for the synthesis of AgNPsRunTSC(M)*AgNO*~3~*NaBH*~4~(M)pHYield (UV-Vis area)Size (nm)PSGI(nm)Polydispersity10.050.050.01107.98 ± 0.7270.81 ± 8.9055.61 ± 15.410.1520.090.090.09815.00 ± 1.3717.66 ± 7.7765.72 ± 13.300.6430.050.050.0588.55 ± 0.7821.18 ± 7.3599.40 ± 71.080.8140.090.010.0180.85 ± 0.08159.60 ± 6.5915.17 ± 4.780.3150.050.050.05127.87 ± 0.72280.90 ± 27.47461.60 ± 91.000.7260.050.050.05107.63 ± 0.6913.66 ± 1.3352.30 ± 6.720.5570.050.050.09108.10 ± 0.7433.14 ± 3.2499.99 ± 7.400.5680.090.090.09120.00 ± 0.008346.00 ± 816.008346.00 ± 816.001.0090.050.050.05107.97 ± 0.7315.45 ± 1.5166.73 ± 4.470.65100.050.010.05101.62 ± 0.15372.60 ± 2.5323.13 ± 4.080.55110.010.090.0182.83 ± 0.2553.56 ± 9.1446.28 ± 6.390.17120.090.010.01120.00 ± 0.003724.00 ± 364.203724.00 ± 364.201.00130.090.050.05107.82 ± 0.7219.61 ± 1.9187.18 ± 60.200.71140.090.090.01120.00 ± 0.003181.00 ± 311.103181.00 ± 311.101.00150.050.050.05108.02 ± 0.7320.88 ± 2.0496.12 ± 59.810.80160.010.090.09120.00 ± 0.0037900.00 ± 3706.6237900.00 ± 3706.620.23170.050.050.05107.76 ± 0.7113.65 ± 1.3359.91 ± 39.540.56180.010.010.09120.00 ± 0.0030200.00 ± 2953.5630200.00 ± 2953.560.28190.090.010.0981.37 ± 1.1212.39 ± 1.2136.56 ± 16.350.55200.050.090.051014.05 ± 1.2815.96 ± 1.5668.58 ± 48.060.62210.010.010.0981.13 ± 0.1019.04 ± 1.8668.14 ± 37.470.79220.050.050.05107.79 ± 0.7126.95 ± 2.63114.40 ± 76.300.89230.090.010.09120.94 ± 0.08945.60 ± 92.47741.50 ± 151.600.65240.010.090.01120.00 ± 0.00985.80 ± 96.41985.80 ± 18.030.90250.090.090.0183.29 ± 0.2957.50 ± 5.62125.00 ± 108.700.52260.010.010.0181.40 ± 0.1340.87 ± 3.9936.52 ± 15.270.11270.010.050.05107.42 ± 0.6849.17 ± 4.80101.6 ± 72.710.52280.010.090.0984.41 ± 0.4045.59 ± 4.4598.73 ± 65.200.51290.010.010.01120.02 ± 0.0015.25 ± 1.4962.07 ± 48.510.62Values are expressed as mean ± standard deviation (*n* = 3). PSGI: peak size with greater intensity

Validation of the experimental model using residuals {#Sec13}
----------------------------------------------------

The optimal conditions and validation of the design of the experiment were determined using Design Expert Software. It was based on the analysis of the normal residual graphs for each of the response variables (Fig. [2](#Fig2){ref-type="fig"}), the analysis of the residual vs. predicted graphs of the validation model (Fig. [3](#Fig3){ref-type="fig"}), and the residual vs. observation order graphs (Fig. [4](#Fig4){ref-type="fig"}). It was observed that the experimental design presented a linear relationship in the distribution of errors. The assumption of normality was verified by the normal probability graph, the independence between residues, and the normal and random distribution between positive and negative residues. Fig. 2Normal plot of residuals; **a**) for the performance in the production of AgNPs; **b**) for the average size of AgNPs; **c**) for the highest intensity peak of AgNPs; **d**) for polydispersity of the size of AgNPs Fig. 3Graph of residuals vs. predicted model; **a**) for the performance in the production of AgNPs; **b**) for the average size of AgNPs; **c**) for the highest intensity peak of AgNPs; **d**) for polydispersity of the size of AgNPs Fig. 4Residual graph vs. observation order; **a**) for the performance in the production of AgNPs; **b**) for the average size of AgNPs; **c**) for the highest intensity peak of AgNPs; **d**) for polydispersity of the size of AgNPs

On the other hand, the validation of optimal values prediction was assessed with the calculation of the relative and absolute errors was accomplished between the responses predicted by the model versus the ones obtained experimentally under optimal conditions (Table [3](#Tab3){ref-type="table"}).

Statistical analysis of experiments {#Sec14}
-----------------------------------

ANOVA analysis were performed in each experimental unit, where the quadratic model was found to be significant (P \< 0.05). Table [2](#Tab2){ref-type="table"} shows ANOVA results and the statistical description for the model obtained in each of the responses. Table 2ANOVA and statistical description by FCCCD*p* valueSourceYieldSizePSGIPolydispersityModel\<0.000\<0.000\<0.0000.000A-TSC0.3590.8820.5720.001B- *AgNO*~3~0.093---0.016---C- *NaBH*~4~---0.3140.0230.577D-pH\<0.000\<0.000\<0.0000.025AC---0.0070.002---BD0.020---------CD---0.0140.0370.001*A*^2^0.016---------*B*^2^0.001---------*D*^2^---0.0000.000---Lack of fit\<0.0000.0040.0260.401R20.8560.8020.8780.612Adjusted R20.8140.7430.8340.541

The relationships between the dependent variables (yield, size, PSGI, polydispersity) and the independent variables (TSC, *AgNO*~3~, *NaBH*~4~, and pH) are expressed by the following regression equations:

The yield of AgNPs synthesis (yield) model is given below in Eq. [1](#Equ1){ref-type=""}. $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document} $$ \begin{aligned} \log_{10}(yield + 0.15) = &-7.26071 x 10^{-3} + 30.61911 \times TSC \\ &+ 72.43530 \times {AgNO}_{3} \\ - 0.10162 \times pH &- 2.81328 \times {AgNO}_{3} \times pH - 287.25097 \\ &\times TSC^{2} - 406.12621 \times {{AgNO}_{3}}^{2} \end{aligned}  $$ \end{document}$$

The average size of AgNPs (size) model is given below in Eq. [2](#Equ2){ref-type=""}. $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document} $$ \begin{aligned} \log_{10}(size)= 22.59344 &+ 13.17486 \times TSC - 33.27239 \times {NaBH}_{4}\\ &- 4.56699 \times pH \\ - 273.76717 \times TSC &\times {NaBH}_{4} + 5.05783 \times {NaBH}_{4} \times pH\\ &+ 0.23722 \times pH^{2} \end{aligned}  $$ \end{document}$$

The peak size with greater intensity of AgNPs (PSGI) model is given below in Eq. [3](#Equ3){ref-type=""}. $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document} $$ \begin{aligned} \log_{10}(PSGI) =& 15.22917 + 9.55131 \times TSC + 6.56465\\ &\times {AgNO}_{3} - 12.83922 \\ * {NaBH}_{4} - 3.17281 &\times pH - 218.23765 \times TSC \times {NaBH}_{4} + 2.98745 \\ &\times {NaBH}_{4} \times pH + 0.17228 \times pH^{2} \end{aligned}  $$ \end{document}$$

The AgNPs size polydispersity (Polydispersity) model is given below in Eq. [4](#Equ4){ref-type=""}. $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document} $$ \begin{aligned} Polydispersity = -1.24875 &+ 3.87813 \times TSC + 22.27832\\ &\times {NaBH}_{4} +0.16253 \\ &\times pH -2.16396 \times {NaBH}_{4} \times pH \end{aligned}  $$ \end{document}$$

All the models obtained a significant value (p \< 0.05), where the pH was statistically significant. The coefficient of determination (*R*^2^) indicates the correlation between experimental and predicted data. In addition, adjusted *R*^2^ and *R*^2^ corroborate the significance of the models. According to the coefficients of each effect analyzed, the concentration of *AgNO*~3~ has greater effect on the yield in the production of AgNPs, while TSC has greater effect on the size and maximum peak of the size of the nanoparticles. In terms of polydispersity in the size of AgNPs, the concentration of *NaBH*~4~ is the factor with the greatest effect.

Additionally, Fig. [5](#Fig5){ref-type="fig"} shows the response surfaces with greater significance for the yield, size and polydispersity of the size of AgNPs using the interactions of three variables. Figure [5](#Fig5){ref-type="fig"}a shows that when increasing pH and concentration of *AgNO*~3~ is between 0.05 and 0.07 M, the yield in the production of AgNPs increases, hence, this image suggests that there are optimal conditions related to pH and *AgNO*~3~ concentration to increase the production of AgNPs. In addition, the size effect of AgNPs from pH is observed in Fig. [5](#Fig5){ref-type="fig"}b in which, the size of the particles increases when pH increases although the concentration of *AgNO*~3~ varies. Finally, Fig. [5](#Fig5){ref-type="fig"}c shows the effect of the concentration of *AgNO*~3~ and pH in the polydispersity of the AgNPs size, showing that the polydispersity decreases by reducing pH. Fig. 53D interaction plot of AgNPs. **a** interaction of pH and *AgNO*~3~ on the production performance of AgNPs; **b** interaction of concentration pH and *AgNO*~3~ on the average size of AgNPs; **c** interaction of pH and concentration of *AgNO*~3~ on the polydispersity of the size of AgNPs

Based on the statistical analysis obtained, Table [3](#Tab3){ref-type="table"} shows the limits and importance of each parameter as well as the optimal values of the parameters with the predicted responses for each response variable. Table 3Restrictions and optimal conditions predicted from the model obtainedParameterLower limitUpper limitImportanceOptimal valuePredicted valueExperimental resultsRelative errorTSC0.010.0930.01---------*AgNO*~3~0.010.0930.06---------*NaBH*~4~0.010.0930.01---------pH81238---------Response variableYield015.005---2.610.97 ±0.001.64Size13.65378503---86.670.94 ±0.0576.73PSGI15.17378504---30.9962.63 ±2.79-31.64Polydipersity0.11215---0.330.83 ±0.00-0.50

Characterization of AgNPs {#Sec15}
-------------------------

### Physico-chemical characterization of AgNPs {#Sec16}

The formation of optimized AgNPs was confirmed through the UV-Vis absorption spectrum (Fig. [6](#Fig6){ref-type="fig"}), wavelengths were observed at 400 nm and no absorption peaks were observed indicating the presence of residues of the synthesis process in the range of evaluated length. Table [4](#Tab4){ref-type="table"} shows the results of the characterization by AAS and DLS of AgNPs. Fig. 6UV-Vis spectroscopy of optimized AgNPs \[1%\] (v/v) Table 4Physico-chemical characterization of AgNPsCharacteristic of AgNPsValues to Opt-AgNPsConcentration by AAS (*μ*g/mL)77.8Average hydrodynamic size by DLS (nm)9.94Zeta potential by DLS (mV)-3.96

In addition, Fig. [7](#Fig7){ref-type="fig"} shows TEM micrographs for Opt- AgNPs. The AgNPs were observed with a heterogeneous distribution with variable spherical trend morphology. Fig. 7Micrograph of AgNPs taken with TEM at magnification of 50 nm

### Evaluation of the antimicrobial effect of AgNPs {#Sec17}

Table [5](#Tab5){ref-type="table"} shows the bactericidal and fungicidal effect of AgNPs. It was found better antimicrobial activity in optimized nanoparticles than in reference. Also, its antifungical effect against *Candida albicans* was greater with the AgNPs than the control of fluconazole, which was evaluated at a concentration of 10 *μ*g/mL. Growth and sterility controls were appropriate for all essays. Also, Fig. [8](#Fig8){ref-type="fig"} shows these results as a comparison between the two AgNPs using a bar chart. Fig. 8Comparison between the MBC and MFC of the reference AgNPs and the optimized AgNPs Table 5Antimicrobial activity of AgNPs at 24h incubationMicroorganismsRef-AgNPsOpt-AgNPsMBC (*μ*g/mL)*Escherichia coli* ATCC 25922209.94*Escherichia coli* AmpC resistant209.94*Staphylococcus aureus* ATCC 25923\>39.7819.89MFC (*μ*g/mL)*Candida albicans* ATCC 140532.402.08MBC: Minimum Bactericidal Concentration; MFC: Minimum Fungicidal Concentration

### Evaluation of the cytotoxic effect of optimized AgNPs {#Sec18}

Figure [9](#Fig9){ref-type="fig"} shows the viability percentage of Vero and NiH3T3 cells according to the different concentrations of AgNPs. It was found that the viability of both cells decreased as the concentration of AgNPs increased. Besides, no significant differences were found between the cell lines evaluated. Fig. 9Cell viability in Vero and NiH3T3 cells exposed to AgNPs

Furthermore, *LC*~20~ and *LC*~50~ of AgNPs was found on 1.74 *μ*g/mL and 19.11 *μ*g/mL to Vero cells, respectively. *LC*~20~ and *LC*~50~ of AgNPs was found on 3.21 *μ*g/mL and 19.60 *μ*g/mL to NiH3T3 cells, respectively.

Discussion {#Sec19}
==========

The novelty in this article is the use of FCCCD, using the RSM, to optimize the physico-chemical properties and antimicrobial activity of silver nanoparticles presented as Ref-AgNPs. This work shows that it is possible to improve the antimicrobial activity of the optimized AgNPs by comparing with the initial AgNPs, using the same method, but making changes in four parameters: *AgNO*~3~ concentration, TSC concentration, *NaBH*~4~ concentration and pH of the solution.

For this purpose, an optimization process of AgNPs was carried out, starting from an initial chemical reduction synthesis process. Optimized AgNPs were obtained, and their physico-chemical properties, antimicrobial activity, and cytotoxic effect were evaluated.

The FCCCD results showed the formulation that delivered the highest yield in the production of AgNPs was the synthesis that used the highest concentration of the three reagents and a final pH adjustment to 8.This may be related to the fact that, the higher the concentration of the metal precursor and the reducing agent, the greater the possibility of obtaining AgNPs, due to the availability of the substrate and the ability of *NaBH*~4~ to release electrons to the oxidizing agent and reduce the silver in nanoparticles \[[@CR17]\].

In addition, it was found that the synthesis with the lowest average nanoparticle size, the peak of greatest intensity of the lowest size and the lowest polydispersity were prepared with *AgNO*~3~ \[0.01 M\] and pH 8. The explanation to this is related to the way the synthesis process was performed with the lowest concentration of the evaluated precursor agent, which had the opportunity to be more exposed to the reducing agent, forming electric layers around the nanoparticles that inhibit aggregation and reduce the size \[[@CR17]\]. Furthermore, it has been found that the size of nanoparticles depends on the speed of nucleation and growth process, which can be controlled by parameters such as pH \[[@CR29]\]. Ondari et al. found that lower synthesis pH generated smaller nanoparticle sizes \[[@CR29]\].

Likewise, some synthesis processes were carried out with pH 12, in which no area under the curve of the UV-Vis spectrum was found between the lengths of 350 nm and 420 nm and in which larger sizes of AgNPs and polydispersity of size were recorded. It is possible that the parameters established for the concentration of the three reagents and the pH did not allow the formation of AgNPs with sizes between 5 and 50 nm \[[@CR30]\] and large silver clusters have been formed that could not be adequately measured by the equipment of size measurement. Similary, it has been found that synthesis formulations with pH 12 can affect the size of AgNPs. Tagad et al. \[[@CR31]\] synthesized AgNPs and evaluated the effect of pH on the size of the nanoparticles in the different reactions at pH. The authors found an agglomeration of AgNPs in the synthesis with the highest pH. This could explain the results obtained in our study, where an extreme alkaline pH can generate low stability.

Futhermore, when validating the models and observing the normal residual graphs for each model, some distances was found between the predicted values and the real values, due to the experimental conditions related to the synthesis processes. However, these follow a normal distribution, endorsing the models \[[@CR32]\].

In this study, the DOE developed showed pH, *AgNO*~3~ and pH interactions, *TSC*^2^ and *AgNO*~3~ are significant factors for the yield in the production of AgNPs by this method. Likewise, pH, *AgNO*~3~ and protective agent influenced the size of the nanoparticles obtained, as has been reported in other studies \[[@CR14], [@CR29]\]. Considering that the nanoparticles are made up *AgNO*~3~, the concentration of this reagent is determinant for the production yield of AgNPs. Moreover, the concentration of TSC has greater effect on the size of AgNPs due to its role of preventing the aggregation of the nanoparticles. Subsequently, it was found that *NaBH*~4~ has a great effect on the polydispersity of the AgNPs size, since *NaBH*~4~ is a strong reducer, which allows that the reaction rate in the nucleation stage of the synthesis to be greater \[[@CR33]\], whereby, the silver ions have less time to generate clusters of variable sizes.

On the other hand, it was possible to verify that the AgNPs obtained with the optimization of the chemical synthesis corresponded to silver when evaluating LSPR by UV-Vis. The observed bands showed a widening that suggests a distribution of different sizes of nanoparticles. Also, adequate yield was found in the production of AgNPs evaluated by AAS and a slightly negative Zeta Potential since *NaBH*~4~ was used as a reducing agent and the nanoparticles formed absorbed the nitrate and borate ions that are slightly negative. For instance, with TEM, it was possible to observe individual nanoparticles of the synthesis carried out. These results are related to those obtained by other authors \[[@CR1], [@CR21], [@CR22]\] who have shown that chemical methods allow obtaining small nanoparticles with a spherical tendency.

It has been found that the size, oxidation, and release capacity of AgNPs are factors that are associated with their antimicrobial activity \[[@CR1], [@CR34], [@CR35]\]. The micro and macrodilutions methodology used to evaluate the antimicrobial capacity of the synthesized AgNPs allowed us to know their MBC and MFC against all the microorganisms evaluated. The fact that changing the parameters of the formulation can decrease the lowest concentration of the nanoparticles required to kill some bacterias and fungi, reveals the importance of the physico-chemical properties in its antimicrobial capacity.

The results obtained indicate that the nanoparticle solution was not monodispersed, since the particles were not obtained of a uniform size. Several factors can generate these results, among which are the preparation and reaction conditions of the synthesis method used. It has been found that the rate of incorporation of the reagents, the agitation of the mixture, and the reaction rate determine the size distribution of AgNPs obtained \[[@CR36]\]. This paper presents a TEM image to demonstrate the formation of Opt-AgNPs. Nanoparticles of different sizes are observed; however, this is an image from a portion of the sample. The polydispersity of the nanoparticle size was calculated by the DLS technique and described in Table [3](#Tab3){ref-type="table"}

As in our study, other authors have found antimicrobial activity of AgNPs, synthesized by chemical reduction, against *Staphylococcus aureus*, *Escherichia coli*, and *Candida albicans* \[[@CR1], [@CR21], [@CR22], [@CR35]\]. Three toxicity mechanisms of AgNPs against microorganism have been established \[[@CR4], [@CR5], [@CR7], [@CR8]\].

All these toxicity mechanisms of AgNPs begin with the adhesion and permeability of the membrane of the microorganisms. However, Gram-positive bacteria have a greater thickness of the cell wall through the peptidoglycan layer (30 to 100 nm thick) than Gram-negative bacteria \[[@CR37]\]. This could explain the difference in the MBC between *Staphylococcus aureus* and *Escherichia coli* \[[@CR37]\]. Another explanation for this phenomenon can be related to the presence of lipoteichoic acid in Gram-positive bacteria, which protect these microorganisms against external agents \[[@CR37]\]. Nevertheless, it was found greater sensitivity of *Candida albicans* to AgNPs comparing to bacteria's sensitivy, which can be attributed to the large number of functional groups present on the surface of bacteria with respect to that of fungi \[[@CR38]\].

In particular, it was found that AgNPs obtained in this study achieved a MBC against *Staphylococcus aureus*, unlike AgNPs before the optimization of the synthesis parameters. Also, this study found that the optimized nanoparticles possessed a higher toxicity against *Escherichia coli*, *Escherichia coli* AmpC resistant and *Candida albicans* compared to the reference AgNPs. These results can be attributed to differences in the concentrations of TSC, *AgNO*~3~ and *NaBH*~4~ between both formulations, where the protective and reducing agents of the optimized synthesis were lower than the initial while the metallic precursor increased.

in addition, other authors have used some of the same reagents to synthesize AgNPs used in this work. However, differences have been found in the concentrations used and in the antimicrobial effects of nanoparticles.

By comparison, Raji et al. \[[@CR1]\] synthesized AgNPs using *AgNO*~3~ \[0.1M\] and *NaBH*~4~ as a reducing agent. They found a MIC for *Escherichia coli* and *Staphylococcus aureus* of 1.39 *μ*g/mL and 5.5 mg/mL against *Candida albicans* after 24 and 48 h of incubation. Thus, the nanoparticles optimized in our study required 8.55 *μ*g/mL and 18.5 *μ*g/mL more than Raji's to achieve inhibition of *Escherichia coli* and *Staphylococcus aureus*. However, 5.5 ×10^−3^*μ*g/mL less of our optimized AgNPs is required to inhibit the growth of *Candida albicans* compared to Raji, which is a big difference. This could be related to the difference in reagent concentration. It should be noted that some authors do not specify the type of strain used in each microorganism. Additionally, these authors did not use a design of experiments to improve the antimicrobial activity of their nanoparticles, optimizing some parameters of their synthesis process like this work.

Furthermore, previous studies have linked the antimicrobial activity of spherical AgNPs with its size, and other characteristics such as oxidation capacity and the release of silver ions \[[@CR1], [@CR34], [@CR35]\]. Also, because the antimicrobial effect of AgNPs on bacteria and fungi is affected by the interaction of these nanoparticles with microorganisms, it has been claimed that smaller nanoparticles may have higher antimicrobial activity compared to larger \[[@CR1]\]. This, because smaller nanoparticles have a larger surface area available to interact with microorganisms and release more ions \[[@CR19], [@CR19]\]. However, larger AgNPs may have less toxic effects on human cells than those of small sizes \[[@CR19]\]. Jeong et al. \[[@CR19]\] prepared two different sizes of AgNPs (10 and 100 nm in average diameters) with similar chemical composition and using an *AgNO*~3~ reduction method like the one of the present work. The authors found that smaller particles showed a higher cytotoxic effect, at the same concentration, compared to larger particles.

The evaluation of the cytotoxic effect of optimized AgNPs was carried out through cellular viability by MTT assay on cells NiH3T3 and Vero. This type of testing is necessary to determine the cytotoxicity of any product that is intended for use in humans \[[@CR39]\]. It was found that cell viability and cytotoxicity dependence of AgNPs concentration \[[@CR40], [@CR41]\]. This occurs because, at a higher concentration of AgNPs, cells are more prone to damage in the cell membrane, which produces permeability in the mitochondrial membrane and greater exposure to Ag ions \[[@CR42]\]. For this reason, at concentrations less than 13.88 *μ*g/mL and 14.66 *μ*g/mL AgNPs, the viability of cells was above 60% for NiH3T3 and Vero cells. However, concentration of 20 *μ*g/mL AgNPs reduced the viability to 50%.

It was found that *LC*~20~ and *LC*~50~ of AgNPs were lower for Vero than NiH3T3 cells. This is probably because of some kind of cells or cellular lines can be more sensitive than other types of cells to nanoparticles \[[@CR41], [@CR43]\]. In this case, Vero cells were more sensitive than fibroblast cells (NiH3T3). Other studies have also studied the cytotoxic effect of AgNPs \[[@CR44], [@CR45]\]. Accordingly, it is possible to employ our AgNPs at concentrations less than 10 *μ*g/mL to achieve bactericidal activity against *Escherichia coli*, *Escherichia coli* AmpC resistant, and *Candida albicans* and ensure a viability of 70% for Vero and NiH3T3 cells. However, it is not advisable to use these nanoparticles with concentrations greater than 20 *μ*g/mL to eradicate *Staphylococcus aureus*, since the viability of Vero and NiH3T3 cells would be significantly affected.

To inhibit the growth of *Staphylococcus aureus*, a minimum inhibitory concentration could be used, which may be less than the MBC. Thomas et al. evaluated the antimicrobial activity of AgNPs against *Staphylococcus aureus* and found an MBC and MIC of 62.5 *μ*g/mL and 1.95 *μ*g/mL, respectively \[[@CR46]\]. Similarly, Du et al. synthesized AgNPs and found an MBC of 100 *μ*g/mL and a MIC of 50 *μ*g/mL against the same microorganism \[[@CR47]\]. These studies suggest that MBC may be higher than the MIC of AgNPs for the same bacteria.

Lastly, it is not clear what is the ideal size distribution of AgNPs that guarantees low antimicrobial activity and avoids the toxic effects of AgNPs for health as much as possible. Nevertheless, the size distribution of the AgNPs optimized in this study could have generated a lower cytotoxic effect on Vero and NiH3T3 cells. Likewise, the smallest nanoparticles of optimized AgNPs size distribution and the ability to release silver ions from the larger nanoparticles could generate the antimicrobial effect against the microorganisms evaluated.

Conclusion {#Sec20}
==========

In this study, a face centered central composite design (FCCCD) through response surface methodology (RSM) was applied to optimize the chemical reduction synthesis of AgNPs. The objective was increasing the antimicrobial capacity of a reference AgNPs through the optimization of some synthesis factors. The experimental results confirmed that all the factors studied were significant for the variable responses. AgNPs optimized with an average size of 9.94 nm and spherical and hemispherical shapes were obtained. Higher antimicrobial activity was found in optimized AgNPs than in reference AgNPs against *Escherichia coli*, *Escherichia coli* AmpC resistant, and *Candida albicans* and was necessary 9.94, 9.94 and 2.08 *μ*g/mL of AgNPs, respectively, to eliminate them. Further, it was achieved bactericidal effect against *Staphylococcus* at a concentration of 19.89 *μ*g/mL AgNPs. It was also found that optimized AgNPs show no significant cytotoxicity against Vero and NiH3T3 cells and allowed a minimum viability of 70% at concentrations less than 10 *μ*g/mL AgNPs.

This work is the first study that optimizes the process of obtaining AgNPs with the design of experiments from the synthesis method presented in this work, and in which a better antimicrobial effect was achieved compared to the reference AgNPs. This work shows that it is possible to improve the antimicrobial activity of AgNPs obtained by a specific method, altering some parameters, without changing that methodology. This could be applied in those cases in which, for reasons of availability of other methods or lack of resources, it is not possible to change the methodology of synthesis chosen.

Future works may also consider using different parameters (for example, stirring time, mixing RPM, and reaction temperature) for the optimization of AgNPs that allow reducing minimum bactericidal concentration (MBC) and minimum fungicidal concentration (MFC) against microorganisms and avoid reducing cell viability.
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ANOVA
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MBC
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:   Economic Cooperation and Development
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SFB
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